EFFECTS OF FIBER MOTION ON THE ACOUSTIC

t t l n g w i t h t h e f i b e r s p r l m a r l l y aligned p a r a l l e l t o t h e face o f t h e b a t t i n g . T h i s type o f m a t e r i a l was considered a n i s o t r o p i c , w i t h t h e a c o u s t i c propagation constant depending on whether t h e d i r e c t i o n o f sound propagation was p a r a l l e l or normal t o t h e f i b e r arrangement. Normal i n c i d e n c e sound absorption measurements were taken f o r both f i b e r o r i e n t a t i o n s over t h e frequency range 140 t o 1500 Hz and w i t h bulk d e n s i t i e s ranging from 4.6 t o 67 kg/m . When t h e sound propagated i n a d i r e c t i o n normal t o t h e f i b e r alignment, t h e measured sound absorption showed t h e occurrence o f a s t r o n g 3 resonance, which increased absorption above t h a t a t t r i b u t e d t o viscous and thermal e f f e c t s . When t h e sound propagated i n a d i r e c t i o n p a r a l l e l t o t h e f i b e r alignment, i n d i c a t i o n s o f s t r o n g resonances i n the data were n o t present.
From comparing these t w o sets o f data and from considering t h e m a t e r i a l s t r u c t u r e , t h e resonance i n t h e data f o r f i b e r s normal t o the d i r e c t i o n o f sound propagation was a t t r i b u t e d t o f i b e r motion. An a n a l y t i c a l model was developed f o r t h e a c o u s t l c behavlor o f t h e m a t e r i a l t h a t d l s p l a y e d t h e same f i b e r motion c h a r a c t e r i s t i c s shown i n the measurements.
LIST OF SYMBOLS e f f e c t l v e propagation v e l o t l t y I n m a t e r i a l , Eq. Acoustic propagation i n porous m a t e r i a l s has been s t u d l e d since t h e tlme o f Raylelgh. The e a r l y approach was t o assume t h a t t h e m a t e r i a l was r i g l d and t h a t t h e sound moved through small pores and l o s t energy through v i s c o s i t y and heat conduction. l P 2 Later, t h e a d d i t i o n a l complexity o f m a t e r i a l motion was added.
be sustained i n t h e m a t e r i a l and i n t e r a c t w i t h t h e wave propagating through t h e a i r . Thus, a d d i t i o n a l losses o f acoustic energy were made through deformations o f the m a t e r i a l frame. m a t e r i a l s , I n general, w h i l e others have been based on modeling a s p e c i f i c type o f m a t e r i a l . Attenborough7'* has reviewed most o f these studies, so no attempt w i l l be made here. This study w i l l concentrate on t h e behavior o f one
3-6
Since t h e m a t e r i a l frame i t s e l f was f l e x i b l e , an e l a s t i c wave could
Many o f these studies have been done f o r porous p a r t i c u l a r t y p e of f i b r o u s m a t e r i a l .
Two characteristics of acoustic propagation in fibrous materials will be I considered in this report. The first is the effect of fiber motion on a I material's acoustic behavior. In this context, the term "fiber motion" means that the fiber moves only under the influence of a passing acoustic wave.
ends of the fiber are assumed to be fixed in space at the joints of the complex interconnection of fibers that make up the material.
expressed that no real material has shown the behavior described as fiber motion, Kawasima has analytically studied a model where flber motion was assumed to be present in the material. In this report, fiber motion is used The plane wave c u t o f f f o r these dlmenslons was approximately 1700 Hz, whlch s e t the upper frequency l i m i t o f t h e measurements. To a l l o w access t o t h e i n t e r l o r , t h e t o p o f t h e duct was made of removable p l a t e sections.
these duct p l a t e s , two 0.64-cm condenser rnlcrophones were mounted w i t h a 3.81 -cm separatlon.
I n one o f
The measurements were based on t h e two-mlcrophone t r a n s f e r f u n c t i o n technlque described by Chung and Blaser." Wlth t h e assumptlon t h a t t h e microphones measured t h e sound a t a p o i n t , t h e microphone outputs were sent t o a two-channel f a s t F o u r l e r t r a n s f o r m analyzer, which c a l c u l a t e d t h e t r a n s f e r f u n c t i o n between those two p o i n t s i n the duct. Upon completion o f t h i s I I measurement, t h e two microphone systems were switched i n p o s i t i o n , and t h e measurement was repeated. This s w i t c h i n g procedure r e s u l t e d I n two t r a n s f e r functions, which were used t o c a l c u l a t e a geometric average t r a n s f e r f u n c t i o n t h a t was corrected f o r any g a i n and phase d i f f e r e n c e between t h e t w o microphone systems.
I n a d d i t i o n t o t h e measurement technlque, c o n s i d e r a t i o n s were g i v e n t o m l n i m i z l n g bias and random e r r o r s . 1 6 The b i a s e r r o r s were minimized by l o c a t i n g the microphones c l o s e t o t h e sample and by u s i n g a small a n a l y s l s bandwidth.
11.18 cm, and t h e a n a l y s i s bandwidth was 5 Hz. The random e r r o r s were minimized by m a i n t a i n i n g a h i g h coherence between t h e a c o u s t i c source and t h e microphone s i g n a l s . This i s d i f f i c u l t t o do a t very low frequencies and when the microphone spacing equals a h a l f wavelength.
g r e a t e r than 0.99 f o r frequencies o f 140 Hz and above.
was n o t a concern s i n c e t h e half-wavelength frequency was about 4.5 kHz, w e l l above the frequency range o f t h e measurements.
I
The d i s t a n c e o f t h e microphone f a r t h e s t from t h e sample was 1 The coherence Mas always
The microphone spacing
The Kevlar samples were c u t from a low-density b l a n k e t i n t h e form o f a b a t t i n g . The f i b e r s were l a y e r e I n comparison t o t h e p a r a l l e l f i b e r data, the normal f i b e r data, shown i n F i g . 4, have a resonance present i n t h e data. This resonance i s e s p e c i a l l y
d and l i g h t l y needled t o h o l d t h e b a t t i n g together. I n a d d i t i o n , t h e b a t t i n g had been t r e a t e d w i t h Zepel, a f l u i d r e p e l l a n t . The nominal s p e c i f i c a t i o n s f o r t h e b a t t i n g were a d e n s i t y of
kg/m and a thickness o f 2.54 cm. Each p i e c e was c u t s l i g h t l y l e s s than t h e cross-sectional s i z e o f t h e d u c t t o minimize any b l n d i n g o r clamping o f t h e m a t e r i a l a t the d u c t w a l l s .
apparent i n t h e h i g h e r d e n s i t y a b s o r p t i o n c o e f f i c i e n t curves, where a sharp peak I s present i n t h e curves. When t h e s t r u c t u r e o f t h e m a t e r i a l I s considered, t h i s resonance i s a t t r i b u t e d t o f i b e r motion. The viscous drag
and t h e pressure g r a d i e n t across t h e l e n g t h of a normal f i b e r c r e a t e enough f o r c e t o l a t e r a l l y d i s p l a c e t h e f i b e r . I n t h e case o f t h e p a r a l l e l f i b e r s , t h e viscous drag and pressure g r a d i e n t forces created along a f i b e r a r e n o t enough t o cause t h e f i b e r s t o compress o r buckle.
The r e s u l t s f o r t h e normal f i b e r measurements a r e s u b j e c t t o d i f f e r e n t
I i n t e r p r e t a t i o n s . A t f i r s t i n s p e c t i o n , i t looks as i f , as t h e d e n s i t y increases, the broad peak i n the lowest d e n s i t y curve i s e v o l v i n g i n t o t h e sharp peak I n t h e h i g h e s t d e n s i t y curve. c o r r e c t i n t e r p r e t a t i o n and t h a t t h e e v o l u t i o n o f t h e sharp peak, which i s a t t r i b u t e d t o a f i b e r resonance, a l s o creates t h e d i p i n t h e lower d e n s i t y I t w i l l be shown t h a t t h i s i s n o t t h e curves a t t h e lower frequency end. The f i b e r resonance peak occurs a t a frequency j u s t above t h i s d i p , and I t i s broader and lower i n amplitude a t t h e lower d e n s i t i e s on t h i s p l o t ; t h e r e f o r e , i t i s n o t c l e a r l y v i s i b l e . As t h e d e n s i t y Increases, t h e f i b e r resonance peak becomes higher and sharper, and i t i s always next t o t h e d i p . A s shown, t h e d i p and then t h e peak g r a d u a l l y move t o a higher frequency as t h e d e n s i t y Increases.
The data from t h e normal and p a r a l l e l f i b e r measurements show t h a t t h e m a t e r i a l i s a n i s o t r o p i c . The f i r s t obvlous d i f f e r e n c e i s t h e apparent presence o f f i b e r motion when t h e sound propagates normal t o t h e f i b e r d i r e c t i o n . The second d i f f e r e n c e i n the t w o d i r e c t i o n s i s seen i n t h e o v e r a l l l e v e l s o f absorptlon.
considering t h e broad shape and l e v e l of t h e normal f i b e r and p a r a l l e l f i b e r By i g n o r i n g the normal f i b e r resonance and by absorption c o e f f i c i e n t curves, a comparison over t h e range o f d e n s i t i e s measured can be made. A t t h e l o w e s t densities, t h e p a r a l l e l f i b e r curves a r e a t t h e same l e v e l o r lower than t h e absorption c o e f f i c i e n t curves f o r t h e normal f i b e r data. For example, i n 
t i o n o f sound propagation through t h e m a t e r i a l . As i n t h i s study, t h e m a t e r i a l s were made I n sheets, w i t h t h e f i b e r s arranged i n planes p a r a l l e l t o t h e face o f t h e sheet. t h a t used here, t h e i r r e s u l t s showed that t h e absorption Wac higher i n t h e m a t e r i a l when t h e sound propagated p a r a l l e l t o t h e plane o f t h e f i b e r s . This i s c o n s i s t e n t w l t h t h e r e s u l t s shown i n Figs. 3 and 4.
As the d e n s l t y Increases, both s e t s o f d a t a s h i f t A f t e r t h e development o f t h e empirical r e l a t i o n s , t h e me-dimensional equations f o r c o n t i n u i t y , momentum, and s t a t e a r e given i n t h e f o l l o w i n g form f o r a d i f f e r e n t i a l volume of t h e m a t e r i a l , where wd / V < 1 :
With higher d e n s i t y m a t e r i a l s than
2 9 I - -uu au at ax P = CeP 2( 3 )I I i Al l t h e variables a r e a c o u s t i c q u a n t i t i e s f o r a i r , and t h e i r d e f i n i t i o n s a r e given 4n the L i s t of Symbols. propagation v e l o c i t y c e a r e derived i n appendix A. The e f f e c t i v e propagation The viscous l o s s term u and t h e e f f e c t i v e e f f e c t s o f heat v e l o c i t y through t h e porous m a t e r i a l takes i n t o account t h e t r a n s f e r between t h e a i r and t h e m a t e r i a l . Combining Eqs. ( 1 ) t o ( 3 ) and assuming t h a t a l l acoust p r o p o r t i o n a l t o exp(1wt -k x ) , we can get t h e wave equation t h e propagation constant. c q u a n t i t i e s a r e and subsequently
The c h a r a c t e r i s t i c impedance f o r t h e m a t e r i a l i s d e f i n e d as t h e r a t i o of
t h e pressure wave t r a v e l i n g i n one d i r e c t i o n t o t h e volume v e l o c i t y i n t h e same 
t i o n s from t h e data than t h e reactance a t t h e higher d e n s i t i e s . A t lower d e n s i t i e s , both r e s i s t a n c e and reactance show t h e l r greatest d e v i a t i o n from t h e data a t the higher frequencies. This i s e s p e c i a l l y evldent i n t h e normal a b s o r p t i o n c o e f f i c i e n t p l o t a t t h e lowest d e n s i t y . s e n s i t i v e t o small changes i n r e s i s t a n c e a t small values o f resistance. Thus, t h e model underpredicts t h e absorption. The absorption c o e f f i c i e n t i s Frame f l e x i b i l i t y , which i s n o t considered i n any d e t a i l i n t h i s study, i s another f a c t o r t h a t appears t o a f f e c t the r e s u l t s shown i n Fig. 5. As mentioned i n t h e I n t r o d u c t i o n , t h l s I s t h e case where t h e m a t e r i a l frame
supports an e l a s t i c wave which i n t e r a c t s w l t h t h e acoustlc vave i n t h e a i r . 
Kosten and Janssen" have shown f o r a general porous f l e x i b l e m a t e r i a l t h a t frame f l e x i b l l l t y i s important a t low frequencies. T h e i r r e s u l t s show t h a t a t some low frequency t h e a b s o r p t i o n c o e f f i c i e n t f o r t h e f l e x i b l e frame m a t e r i a l peaks a t a higher l e v e l than t h e a b s o r p t i o n c o e f f i c i e n t f o r t h e same m a t e r i a l w i t h a r i g i d frame. As t h e frequency increases, t h e a b s o r p t i o n c o e f f i c i e n t s f o r t h e t w o frames tend towards agreement. An example o f t h i s behavior
t i o n s , an attempt was made t o see i f any improvements c o u l d be made i n t h e model by v a r y i n g t h e f i t parameters w i t h i n t h e c o r r e l a t i o n , s p e c i f i c a l l y t h e p a r a l l e l f i b e r viscous l o s s term o r i g i n a l l y given by Hersh and Walker as
The term f [ When t h i s f l t i s used i n t h e a c o u s t l c model, the r e s u l t s a r e as shown i n He states that this may be evldence that
(1 -H) was used as a f i t parameter t o a d j u s t t h e model impedance t o best f i t t h e data Impedance for each d e n s i t y . The r e s u l t s o f t h i s f i t a r
P 3
However, t h e f i t data above t h i s p o i n t do p r o v i d e a good c o r r e l a t i o n represented by t h e equation fp(l -
H
) ) when compared w i t h t h e d a t a I s m o s t l i k e l y due t o t h e l a c k of i n c l u s i o n of frame f l e x l b i l i t y e f f e c t s . This i s e s p e c i a l l y e v i d e n t a t t h e lower d e n s l t l e s where, as shown i n F i g . 6, t h e fit of fp(l -
Smith and Parrott took impedance
They attributed the resonance to the possibility of fiber motion. 9 
Kawasima developed a model t h a t i n c l u d e d t h e e f f e c t s o f f i b e r motion.
He assumed that each f i b e r could be represented as a s t r i n g f i x e d a t b o t h ends.
To s i m p l i f y the a n a l y s i s , t h e s t r i n g o f l e n g t h 8 was modeled as a r i g i d bar
w i t h t h e center p a r t o f l e n g t h q8 v i b r a t i n g l i n e a r l y and w i t h t h e end p a r t s o f t o t a l length q ( 1 -a) f i x e d . The v i b r a t i n g f o r c e was t h e o s c i l l a t i n g viscous f l u i d , and t h e r e s t o r i n g f o r c e was governed by Hooke's law. From a dynamical analysis comparing t h e v i b r a t i n g s t r i n g t o t h e v i b r a t i n g bar, q was found t o be equal t o 0.811. The f o l l o w i n g equations were developed:
Pf at + PfOfEf = -Equation (12) 
i s t h e c o n t i n u i t y equation. The change i n mass i n a d i f f e r e n t i a l volume i s governed by both t h e movement o f a i r and t h e movement o f f i b e r s . The l a t t e r i s represented by t h e second t e r m on t h e r i g h t s i d e o f t h e equal sign. This equation i s derived i n appendix 8.
The momentum equation i s shown i n Eq. (13). I t shows t h a t t h e motion o f an elemental mass o f a i r i s d r l v e n by t h e pressure g r a d i e n t , w i t h damping across both the f i b e r p a r t s t h a t move and those t h a t a r e f i x e d . l o s s c o e f f i c i e n t , g i v e n by t h e r a t i o both moving and f i x e d p o r t i o n s o f t h e f i b e r s .
The viscous r / v f , i s assumed t o be t h e same f o r
The t h i r d equatlon governs t h e f i b e r motion. The l e f t s i d e o f Eq. (14) i s a mass-spring equation f o r t h e f i b e r i n t h e elemental volume, w i t h t h e r e s t o r i n g f o r c e governed by the resonant frequency The f o r c i n g terms, mf.
shown
t h e viscous drag on t h e f i b e r . 
When t h e a c o u s t i c pressure and denslty a r e r e l a t e d by t h e a d i a b a t i c speed
The c h a r a c t e r i s t i c impedance f o r the m a t e r i a l i n t h i s case i s d e f i n e d by using t h e f o l l o w i n g equation f o r t h e volume v e l o c i t y p e r u n i t area:
Thls equation shows t h a t t h e volume v e l o c i t y i s a f f e c t e d by those f i b e r s t h a t move. The r e s u l t i s t h a t , depending on the phase r e l a t i o n s h i p between u and u r i g i d m a t e r i a l having t h e same p o r s i t y . By using Eq. (16), t h e normalized c h a r a c t e r i s t i c impedance i s found t o be t h e volume v e l o c i t y i s h i g h e r o r l o w e r than t h a t which would be found i n a f '
Using s l m l l a r t o t h a t given by Ingard," except t h a t m a t e r l a l franie motton was used l e n g t h and diameter o f t h e f i b e r , and n o t a f u n c t i o n o f frequency.
was made I n t h i s study t o c a l c u l a t e t h i s term; i t was used as a parameter t o f i t t h e model t o measured data.
The term I s a f u n c t i o n o f t h e No attempt
A comparlson between Kdwaslmd's model and t h e data i s shown i n Fig. 8 . The f i r s t f a c t o r t o r e p l a c e I s t h e vlscous loss c o e f f i c i e n t r / v f . I f t h e r e i s no f i b e r motion, then uf = 0. S u b s t i t u t i n g t h i s value i n t o Eq. (13) and reducing r e s u l t s i n impedance a r e determined, t h e r e s u l t of t h i s change I s t o r e p l a c e co by ce I n Eq. ( 1 5 ) and t o m u l t i p l y t h e r i g h t side of Eq. (17) by (ce/c0) .
Comparing t h i s momentum equation t o Eq. (2) shows t h a t f o r t h e two equations
e f f e c t s o f heat t r a n s f e r between t h e a i r and the f i b e r s have been taken i n t o account.
i s replaced by a f u n c t i o n t h a t I s dependent on b o t h
When t h e propagation constant and c h a r a c t e r i s t i c was shown by the level of absorption that took place. At low density, the parallel fiber absorption coefflcients were less than the normal fiber
When the sound was
This absorption c o e f f i c i e n t s . The opposite was t r u e a t the hlgher d e n s l t l e s .
There, the normal f i b e r absorption c o e f f i c i e n t s were l e s s than t h e p a r a l l e l f i b e r absorption c o e f f i c i e n t s .
Models were used t o c o n f i r m these r e s u l t s . The p a r a l l e l f i b e r measurements were compared w i t h the p a r a l l e l f i b e r model o f Hersh and Walker.
Though an attempt was made t o improve the model by a d j u s t i n g constants i n the model, no s i g n i f i c a n t improvement was obtained. were found t o agree w i t h t h e data except a t t h e lower d e n s i t i e s , where frame f l e x l b l l i t y , whlch was n o t Included t n any o f t h e models, had a l a r g e e f f e c t . t h e adiabatic speed of sound.
2
Also, when K/po" << 1 ( v e r y h i g h frequencies), ce = yRTo, t h e APPENDIX B -DERIVATION OF EQUATION (12) Equation (12) Expanding these two equations and r e t a i n l n g o n l y l i n e a r terms, we g e t 
